One of the defining features of the liver is the capacity to maintain a constant size despite injury. Although the precise molecular signals involved in the maintenance of liver size are not completely known, it is clear that the liver delicately balances regeneration with overgrowth. Mammals, for example, can survive surgical removal of up to 75% of the total liver mass. Within 1 week after liver resection, the total number of liver cells is restored. Moreover, liver overgrowth can be induced by a variety of signals, including hepatocyte growth factor or peroxisome proliferators; the liver quickly returns to its normal size when the proliferative signal is removed. The extent to which liver stem cells mediate liver regeneration has been hotly debated. One of the primary reasons for this controversy is the use of multiple definitions for the hepatic stem cell. Definitions for the liver stem cell include the following: (1) cells responsible for normal tissue turnover, (2) cells that give rise to regeneration after partial hepatectomy, (3) cells responsible for progenitor-dependent regeneration, (4) cells that produce hepatocyte and bile duct epithelial phenotypes in vitro, and (5) transplantable liver-repopulating cells. This review will consider liver stem cells in the context of each definition.
forms a bile canaliculus. Bile is secreted by hepatocytes into the bile canaliculus and then drains toward bile ducts, which are lined by duct epithelial cells. Bile canaliculi connect with bile ducts via the Canal of Hering, which is also believed to be a niche for liver progenitor cells (see following text).
The liver is responsible for the synthesis of serum proteins; intermediary metabolism of amino acids, lipids, and carbohydrates; and detoxification of xenobiotic compounds. These functions are performed primarily by hepatocytes. Hepatocyte function (eg, gene expression profile and biochemical activities), however, is not identical among all hepatocytes. Rather, hepatocytes perform different roles depending on their physical location within the hepatic lobule. "Metabolic zonation" refers to the differential properties of periportal (adjacent to the portal triad) and pericentral (adjacent to the central vein) hepatocytes. 4 Periportal hepatocytes, for example, express urea cycle enzymes and convert ammonia to urea. 5, 6 In contrast, pericentral hepatocytes express glutamine synthase and utilize ammonia to generate glutamine. 5
Cells Responsible for Normal Liver Tissue Turnover
Hepatocyte replacement occurs relatively slowly; the average life span of adult hepatocytes ranges from 200 to 300 days. 7 A number of different hypotheses have been proposed to explain hepatocyte turnover. In one of the earliest models, called "streaming liver," normal liver turnover was proposed to be similar to intestinal regeneration, with young hepatocytes originating in the portal zone and then migrating toward the central vein. 8 Differential gene expression by periportal and pericentral hepatocytes was believed to arise during the hepatocyte maturation process, which represented a typical lineage progression. Very recent data from Fellous et al support the streaming liver hypothesis in human tissue. 9 Clonal patches of hepatocytes harboring mitochondrial mutations were found to originate in periportal areas and extend into pericentral regions, suggesting a pattern of hepatocyte differentiation/movement. However, strong evidence against the streaming liver hypothesis also exists. First, retroviral marking studies provide clear evidence against any hepatocyte migration during normal turnover. 10 Analysis of the X-inactivation pattern in livers from female mice also argues against hepatocyte migration within the lobule. 11 Secondly, the gene expression pattern in hepatocytes is dependent on the direction of blood flow. 12 If blood flow is reversed so that portal blood enters the lobule through the central vein and exits via the portal vein, the gene expression profile is inverted. Lobular zonation, therefore, could be explained by metabolite-induced gene regulation and not lineage progression. Although the contribution of stem cells to normal liver turnover in adult animals is debated, current evidence suggests that most liver maintenance is achieved directly by cell division of hepatocytes and bile duct epithelial cells. 13 
Cells That Give Rise to Regeneration After Partial Hepatectomy
Partial hepatectomy is a surgical procedure in which specific liver lobes are removed intact without damage to the lobes left behind. The process has been extensively studied and is the subject of several excellent reviews. [14] [15] [16] The excised liver lobes never grow back, but the remaining lobes grow to compensate for the mass of the resected tissue. Reconstitution of the entire liver mass, which is complete within 5-7 days in rodents, is mediated by mature cell types (ie, without stem cells). Classic thymidine labeling studies showed that virtually all rodent hepatocytes in the remaining liver divided once or twice to restore the original cell number within 3-4 days. 17, 18 The earliest labeled hepatocytes are seen 24 hours after partial hepatectomy; the peak of thymidine incorporation occurs after 24-48 hours. Following hepatocyte division, the other hepatic cell types also undergo a wave of mitosis, thereby restoring the original number of all liver cells within 1 week.
The regenerative response after partial hepatectomy is mediated by a number of factors. The most important signals are hepatocyte growth factor, 19 interleukin-6, tumor necrosis factor α, transforming growth factor α, and epidermal growth factor. Nonpeptide hormones, including triiodothyronine 20 and norepinephrine, 21 can stimulate hepatocyte replication in vivo. Much less is known about how liver regeneration is terminated once the appropriate liver mass is restored. Although the exogenous factors (endocrine, paracrine, or autocrine) that sense overall liver size are not known, several intracellular signals have been identified. For example, some evidence suggests that transforming growth factor β1 is important in termination of liver regeneration. 22 Recent work strongly implicates the detection of blood bile acid levels by nuclear receptors, including FXR, as a regulator of liver growth. 23 In addition, mammalian genes comparable to those in the Drosophila Hippo kinase signaling cascade, which regulates wing mass during development, can also control hepatocyte proliferation. 24 When YAP, the mammalian counterpart to Yorki, the last gene in the Drosophila Hippo kinase cascade, is overexpressed in a transgenic mouse model, hepatocyte proliferation becomes unchecked and there is massive liver hyperplasia and hepatic carcinogenesis. When YAP hyperexpression is turned off or blocked, liver size returns to normal. It is therefore possible that the Hippo kinase pathway has a decisive role in determining overall liver size. Whether any of these intracellular signals are also important for progenitor-dependent liver regeneration or engraftment is unknown.
Progenitor Cells The Identity and Function of Oval Cells
The capacity of mature liver cells to proliferate in response to common forms of injury is remarkable. However, when this response is impaired, as in the case of a hepatocyteselective proliferative defect, the contribution of hepatic progenitors becomes apparent. A population of small portal zone cells with a high nuclear/cytoplasmic ratio and an ovoid nucleus, first observed in rat liver, has become known as "oval cells." 25 These cells proliferate extensively and, upon migration into the lobule, differentiate into hepatocytes. Although the term "oval cell" is widely used to describe hepatic progenitors, it is important to note that researchers do not agree on the phenotypic and/or molecular traits of these cells. The term "oval cell" is used for a heterogeneous population of liver cells; multiple cell types, including progenitors, mature duct cells, activated stellate cells, and fibroblasts, emerge in livers undergoing oval cell activation, and it is unclear whether oval cells that arise in different species or as a result of different insults are truly comparable. In human pathology, liver progenitors observed in chronic conditions of impaired hepatocyte proliferation or differentiation have been described as intermediate hepatobiliary cells. Such cells bear a strong resemblance to their more extensively studied rodent counterparts. However, we support the general use of "oval cell response" to describe the activation of liver progenitors in all species. In this review, the terms "oval cell response" or "oval cell activation" will be used to describe to the heterogeneous cellular changes that accompany the appearance of progenitors, whereas "oval cell" will refer to the progenitor(s) itself/ themselves. Cellular markers that will help to identify these various cell types and their relationships are becoming available, 26 and it seems likely that future descriptions of hepatic cell populations will include surface marker designations.
Regardless of the final nomenclature, the precursors to oval cells are not mature hepatocytes. 27 The most likely origin of the precursors of oval cells in adult tissue is the Canal of Hering ( Figure 1A ). Oval cells could be a bipotential transient amplifying cell type 28, 29 derived from normally quiescent true stem cells that reside in the biliary tree. Figure 2A depicts the classic view of the lineage relationships during liver progenitor activation and shows only one type of bipotential hepatic oval cell. In contrast, Figure 2B shows a hypothetical liver stem cell hierarchy in which multiple classes of oval cell progenitors exist. A third model, in which there is no bipotential progenitor but distinct precursors for hepatocytes and bile ducts, is also conceivable ( Figure 2C ). Table 1 lists conditions that result in oval cell activation in rodents. Chronic liver injury induced by chemicals such as DL-ethionine or galactosamine exemplify this type of liver damage ( Table 1 ). Administration of toxic drugs is often combined with partial hepatectomy. Many of the compounds that induce oval cell proliferation are DNA-damaging agents or carcinogens; thus, oval cells can be considered precancerous. Rodent oval cell activation is often accompanied by steatohepatitis, in which the hepatocytes become filled with fat vesicles. [30] [31] [32] Alcoholic fatty liver disease, the comparable human condition, has been associated with progenitor cell activation.
In the rat, oval cells coexpress markers of bile duct epithelium (CK19) and hepatocytes (albumin). Furthermore, they express high levels of α-fetoprotein (AFP) and thus resemble fetal hepatoblasts in their gene expression profile. 25 Classically, oval cells have therefore been considered to be bipotential precursors (capable of producing both hepatocytes and bile ducts) to mature epithelial liver cells. However, most of the experimental evidence for oval cell bipotentiality has come from in vitro differentiation of immortal liver cell lines after the oval cell activation. 33, 34 Recently, in vivo genetic lineage tracing studies of the marker Foxl1 have provided evidence for a bipotential precursor during oval cell activation. 35 Periportal Foxl1-marked cells yielded both hepatocytes and cholangiocytes, although the study did not conclusively address whether a single cell could give rise to both cell types. This and other recent studies have used protocols designed to produce a murine oval cell response analogous to that of the rat. A diet containing 3,5-diethoxycarbonyl-1,4dihydrocollidine (DDC) is particularly effective in this regard, generating ductal proliferation and tissue alterations similar to the rat oval cell response. 36 Mouse oval cells differ from their rat and human counterparts by not expressing AFP or the rat oval cell marker OV6. Until recently, only one oval cell-specific antibody, termed A6, was available to label mouse oval cells. 37 A panel of antibodies raised against cells present in the mouse oval cell response has shown extensive antigenic heterogeneity among hepatic cells activated by DDC. At least 2 distinct classes of proliferating cells, distinguished by antigen expression and ductal versus periductal localization, are identifiable. 26 Rat oval cells can be isolated based on surface levels of OV1; there are subpopulations with distinct biological behaviors. 38 All of these findings emphasize the heterogeneity of oval cell populations. Future studies are expected to reveal the biological roles of the distinct oval cell classes.
Rat oval cells induced by carcinogen exposure have been observed to express genes that are typically associated with hematopoietic stem cells (HSCs) such as stem cell factor and its receptor, c-kit. During the early stages after partial hepatectomy in the 2acetylaminofluorene/partial hepatectomy model for oval cell activation, c-kit expression is observed in AFP-positive oval cells, but stem cell factor is expressed in both oval and stellate cells. 39 Whereas older studies have claimed that the hematopoietic marker Thy-1 is also highly expressed on rat oval cells, 40, 41 recent work has shown that it in fact marks myofibroblasts instead. 42 The expression of hematopoietic progenitor markers in oval cells is not unique to the rat. Human liver oval cells can express CD34 as well as the bile duct marker CK19. 43 In addition, nonhematopoietic cells that are c-kit positive have been identified in human pediatric liver disease. Finally, very high levels of mouse hematopoietic progenitor marker Sca-1 have been reported to be expressed on DDC-activated mouse oval cells. 44 Therefore, multiple independent studies support the concept that hepatic oval cells, but not regenerating hepatocytes, can express genes also found in HSCs. These findings have contributed to the hypothesis that oval cell precursors might be found in the bone marrow.
Molecular Regulation of the Oval Cell Response
The oval cell response can be divided into 4 phases: activation, proliferation, migration, and differentiation. 45 Genetic studies in the mouse and in vitro studies of oval cell lines in culture have identified some factors involved in oval cell activation, and these are summarized in Figure 3 . Multiple epithelial, hematopoietic, and mesenchymal cell types are present during hepatic progenitor activation, and in many cases it is unclear which cells transmit and which receive important molecular signals. Factors that impact the oval cell response can do so either directly (acting on the proliferating epithelial cells) or indirectly by signaling to a non-epithelial cell type, which might, in turn, then act on the oval cells or their progenitors. In addition to describing cellular topology, future studies must examine the temporal sequence of signaling events.
Several lines of evidence demonstrate the importance of interferon gamma in oval cell activation. Interferon gamma-deficient mice have an attenuated oval cell response but increased liver regeneration after partial hepatectomy. 46, 47 Conversely, the addition of interferon gamma and tumor necrosis factor to lipopolysaccharide (both growth factors are present during liver growth) arrests the proliferation of cultured hepatocytes but promotes oval cell activation. 48 Transforming growth factor β has also been reported to induce differential regulation of mature hepatocytes and immature oval cells. Transforming growth factor β induces apoptosis in mature hepatocytes but does not affect oval cells or bile duct epithelium. 30 Thus, one of the emerging themes of hepatic progenitor activation is that inflammatory cytokines have opposite effects on hepatocytes and progenitors.
Interleukin-6 appears to regulate activation and proliferation of oval cells. Mice that lack interleukin-6 have reduced progenitor activation in response to a cholinedeficient diet. 49 The absence of tumor necrosis factor α has also been shown to impair oval cell activation, 50 although tumor necrosis factor receptor 2 knockout mice have a normal oval cell response.
One pathway has been associated with the emergence of oval cells even in the absence of injury. Transgenic mice that express the tumor necrosis factor-like weak inducer of apoptosis (TWEAK) in hepatocytes display an oval cell response and the emergent proliferating ducts express the TWEAK receptor Fn14. 51 TWEAK-Fn14 signaling appears to be progenitor specific in the liver; Fn14 is absent on hepatocytes, and hepatocyte proliferation occurs at normal levels despite TWEAK expression.
Recent studies have indicated an important role for hedgehog signaling in progenitor activation, particularly in alcoholic fatty liver disease. In mice and humans, alcoholic steatohepatitis induces proliferation of immature duct cells in the portal tracts. 30, 52 This is accompanied by transcriptional up-regulation of hedgehog family members (Sonic hedgehog and Indian hedgehog) and expression of hedgehog target genes in the proliferating ducts as well as the adjacent myofibroblasts. 30 Hedgehog inhibitors can impair progenitor proliferation. 52 Indirect evidence suggests that activation of hedgehog signaling might be downstream of transforming growth factor β (ie, the inflammatory response).
Oval Cells as Liver Cancer Stem Cells
The observation that many reagents that activate oval cells in rodents are carcinogenic supports the idea that alterations in the frequency or proliferative capacity of oval cells can contribute to liver cancer. In mice and rats, some hepatocellular carcinomas and cholangiocarcinomas have been proposed to be of oval cell origin. 53, 54 The detection of cmyc, Ras, and AFP after oval cell activation is consistent with this hypothesis. 55, 56 In humans, oval cells/intermediate hepatobiliary cells have also been observed in samples from patients with liver cancer or chronic diseases. 57 Hepatocellular carcinomas sometimes express markers of the duct lineage, such as CK7 and CK19, despite a predominantly hepatocytic phenotype. 58 Cholangiocarcinomas, conversely, have been observed to yield intermediate hepatocytes. 59 These tumors often incorporate oval cell activation in the form of a ductular reaction. Thus, progenitor cells might have a role in the emergence and maintenance of some liver tumors. Elucidating the molecular processes of oval cell activation may lead to important cancer therapeutics.
Cells With In Vitro Hepatocyte and Bile Duct Epithelial Differentiation Potential
In vitro culture models for hepatic stem cell growth and differentiation have been developed to study the potential of different cell populations and to produce clinically transplantable material. Cell surface labels are used to sort cells and directly isolate putative liver stem cells for culture and determination of growth and differentiation potential. Alternatively, immortal cell lines derived from liver tissue by extensive in vitro manipulation and growth have been used to study hepatic growth and differentiation. Recently, much effort has been devoted to the targeted differentiation of pluripotent embryonic stem cells toward the hepatocytic lineage. Finally, several investigators have devised strategies to conditionally immortalize differentiated hepatocytes for in vitro expansion and subsequent transplantation. 60 Liver cell lines have been developed from several mammalian species, including mouse, rat, pig, and human, in the hope of generating therapeutically useful numbers of transplantable cells. The only cell lines with documented therapeutic effects in animal models are those lines or primary cultures that were originally derived from primary hepatocytes (eg, Kobayashi et al, 61, 62 Gupta and Chowdhury, 63 and Fox et al 64 ). However, studies of primary progenitors are of increasing importance as culture methodology and cell isolation capabilities improve.
Prospective Isolation of Hepatocyte Progenitors by Cell Sorting
Cell purification techniques that utilize magnetic selection and fluorescence-activated cell sorting are widely used to isolate viable cells, even from solid tissues such as liver. However, the successful isolation of putative progenitors from the liver requires an assay of progenitor function. Several laboratories have reported colony-forming assays for mouse and human hepatic epithelial cells. [65] [66] [67] The colonies can in some cases be grown in fully defined conditions, facilitating studies of the effects of individual factors. Epithelial colonyforming cells (ECFCs) were fractionated from fetal mouse liver by fluorescence-activated cell sorting and analyzed for their proliferative and differentiation capacities. 65 A multipotent population of c-kit − , CD45 − , c-met + , Ter119 − , CD49f +/low cells with extensive proliferative capacity was identified in embryonic day 13.5 in mouse liver. In addition to their in vitro hepatocytic and biliary differentiation capacities, these cells could express multiple pancreatic markers after long-term culture or transplantation to an in vivo pancreatic environment. Similar sorting approaches were used to isolate cells that express the same markers (c-kit − , CD45 − , c-met + , Ter119 − , CD49f +/low ) from neonatal mouse pancreas; these were found to produce hepatocytes in vitro. 68 Adult liver cells, however, did not yield colonies under the conditions used for fetal or neonatal cells. New growth conditions were recently described in which adult mouse liver cells could generate both large mixed-lineage and small unilineage colonies. 66 The large mixed-lineage colonies were extensively expanded and shown to produce functional hepatocytes in vivo. Adult ECFCs express the surface marker CD133 and lack the hematopoietic markers CD45 and Ter119.
Approximately 1% of CD133 + CD45 − Ter119 − cells from a DDC-treated liver are colony forming, whereas cells with a similar surface phenotype isolated from normal liver formed only small colonies. 66 ECFCs have also been found in human liver specimens; cells that express both EpCAM and CD133 are capable of forming colonies. Once again, 2 distinct colony morphologies were observed. The large-type colonies could be repeatedly passed and expanded, suggesting that they possessed self-renewal capacity. In vivo hepatocytic differentiation was observed after transplantation of very large numbers of in vitro expanded ECFCs. It remains unclear whether freshly isolated cells would have been transplantable or if prior growth in culture is required. Importantly, at most, 0.1% EpCAM-positive cells formed colonies, indicating that only a small subfraction actually have progenitor activity. Most bile duct epithelial cells are positive for these markers, and it is unlikely that all of them are progenitors. 69 Data from studies in mouse and human systems indicate that the hepatic progenitors are a subset of the ductal cell population. Therefore, it is currently not possible to detect human or rodent hepatic stem cells using simple histochemical markers. It is also unclear whether the ECFCs represent the actual hepatic stem cell residents in vivo.
Extrahepatic Liver Cell Progenitors
Multipotent stem/progenitor-like cells have been isolated from tissues outside the liver, and in some cases hepatocytic differentiation has been reported. These cells are unlikely to serve as liver stem cells within the organism but nonetheless are of therapeutic and biomedical interest. In most of these systems, only in vitro differentiation into cells that resemble hepatocytes has been achieved, whereas in vivo assays indicate that the cells generated thus far are only "hepatocyte-like" and not yet fully functional. [70] [71] [72] are a unique population of progenitors from multiple mammalian species that are generated in long-term culture by plating nonhematopoietic adherent cells from the bone marrow. They are telomerase positive and grow stably in culture for many passages if kept at low density. These cells have been reported to have properties similar to embryonic stem cells in that they can be differentiated toward multiple lineages in vitro under the appropriate conditions. 73 When grown on Matrigel with fibroblast growth factor 4 and hepatocyte growth factor, multipotent adult progenitor cells generate hepatocyte-like cells that synthesize urea, secrete albumin, and induce cytochrome p450 in response to phenobarbital. 72 Like multipotent adult progenitor cells, mesenchymal stem cells (MSCs) usually originate in the bone marrow and can be isolated by expanding the fraction that strongly attach to plastic tissue culture dishes. They are clearly multipotent, giving rise to multiple mesenchymal lineages, and numerous reports indicate that they can also differentiate into hepatocyte-like cells in vitro. [74] [75] [76] The differentiation protocols sometimes involve exposure of MSCs to a demethylating drug such as 5-azocytidine followed by medium that contains typical hepatocytic differentiation factors such as epidermal growth factor and hepatocyte growth factor. 75 MSCs derived from human fat have also been induced to develop into a hepatocyte-like state, characterized by albumin and glycogen production as well as the ability to detoxify ammonia. This differentiation was induced in culture using multiple factors such as dexamethasone, epidermal growth factor, hepatocyte growth factor, fibroblast growth factor 1, fibroblast growth factor 4, and oncostatin M. 76 Although MSCderived hepatocyte-like cells have many characteristics of mature liver cells and can engraft in vivo, the extent of functional liver repopulation has, to date, been modest.
Multipotent adult progenitor cells and mesenchymal stem cells as hepatocyte progenitors-Multipotent adult progenitor cells
Amniotic stem cells-Human amniotic fluid and membranes have been used as sources of pluripotent cells, which are capable of differentiating into endoderm. 77, 78 Specific protocols for the induction of the hepatic phenotype have been developed and are similar to the differentiation regimens used for other progenitors. 79 The hepatocyte-like cells that have been generated using the most optimized regimens express cytochrome p450 and other genes that are typical of hepatocytes.
Pluripotent stem cells (embryonic stem cells and induced pluripotent stem cells)-
The prospect of using pluripotent embryonic stem cells as a source of all types of differentiated cells, including the hepatic lineage, has gained considerable attention. Mouse and human embryonic stem cells (ESCs) can be induced to differentiate toward the endodermal and hepatocytic lineages in vitro by sequential administration of specific growth factors (reviewed in Asahina et al 80 ). According to the prevailing paradigm, natural embryonic development should be mimicked to obtain the most functional mature cells. Therefore, the first step of many protocols typically involves the generation of embryoid bodies, followed by the induction of definitive endoderm using activin A. 81 The endoderm cell population can then be further induced toward the hepatic lineage by exposure to BMP-4 and fibroblast growth factor 2. 81 Cells produced in this fashion express typical markers such as albumin, but usually also express AFP, which is absent from normal adult hepatocytes. Transplantation of these cells to the liver results in engraftment with both mature hepatocytes 81, 82 and bile duct epithelial cells. 82 The level of liver repopulation obtained with hepatocyte-differentiated ESCs is very low but increases somewhat when the cells are transplanted into MUP-urokinase plasminogen activator/severe combined immunodeficient (SCID) mice. 82 To date, most published ESC differentiation protocols generate hepatocyte-like cells, but not the fully functional, mature, and transplantable equivalents of hepatocytes that are isolated from adult liver. New in vitro culture protocols, using factors such as Wnt3a, 83 continue to offer improvements in the hepatocyte function of differentiated cells. Furthermore, it has been reported that by selecting for cells expressing markers such as the asialoglycoprotein receptor, it is possible to isolate the most hepatocytelike cells in the culture. 84 It appears likely that conditions and protocols will be developed for the practical production of ESC-derived hepatocytes. For therapeutic utility, however, such cells should be immune matched to obviate the need for suppressive drugs. The development of ESC-like induced pluripotent stem (iPS) cells from adult somatic tissue 85 may prove useful in this regard. Although it is unlikely that the routine derivation of patientspecific iPS cells will be cost effective, a library of iPS lines covering common major histocompatibility complex alleles might permit the production of sufficiently immunematched hepatocytes. Confirmation that iPS cells have hepatocyte-lineage differentiation capacity comparable to that of ESCs is needed, and even if this is the case, similar limitations (eg, the potential for teratoma formation) will remain. Nevertheless, iPS-derived hepatocytes are a very promising population for future therapeutic transplantation.
Cell Lines With Liver Repair Capacity
Transformed cell lines have limited utility as clinically transplantable agents. Experimental studies of such lines, however, have provided valuable insights into the potential of progenitor and differentiated liver cells.
Rodent cell lines-
In studies of rat liver regeneration, the WB-344 cell line has proven to be a useful model. [86] [87] [88] [89] These cells exhibit several properties of an oval cell-like hepatic progenitor, can be propagated in an undifferentiated state, and have the impressive capacity to produce functional hepatocytes when intrahepatically transplanted to recipient rats. In the mouse, the derivation of useful hepatic epithelial lines has been facilitated by the use of transgenic animals. Cultures of liver cells from animals that constitutively overexpress c-met 33, 90 yielded cell lines with either unipotential (hepatocytic) or bipotential (hepatocytic/ ductal) differentiation capacity. The use of embryonic tissue instead of adult transgenic liver has also been fruitful; bipotential murine embryonic line cells can generate hepatocytes and bile ducts in vitro and in vivo. 34 HBC-3 cells, 91,92 which have similar potential, have recently been used to investigate hepatic differentiation fate decisions. 93 Nonrodent cell lines-Human AKN-1 cells have been reported to possess liver progenitor-like characteristics. 94 The porcine epiblast-derived line PICM-19 has differentiation capacities similar to those of bipotential murine embryonic line cells but is derived from an even earlier (prepremordium) differentiation stage. 95 Pancreatic cell lines-The common developmental origin of the adult liver and pancreas has inspired investigation of the potential for pancreas-derived cells in liver repair. 96 In one study, permanent cell lines with epithelial characteristics were established from liver and pancreas under similar culture conditions. 97 Extensive phenotypic characterization was performed and, under the conditions of analysis, none of the cell lines expressed differentiated markers of either pancreas or liver. However, their morphologic characteristics and expression profiles (eg, aldolase, lactate dehydrogenase, and cytokeratins) were indistinguishable, suggesting that primitive epithelial cells from both organs are similar. 97 Others established permanent "duct" rat epithelial cell lines that express cytokeratins 8 and 19 and carbonic anhydrase. 98 When these cells were implanted into a collagen matrix in rats, either subcutaneously or into the peritoneal cavity, several hepatocyte-specific markers were expressed and pancreatic duct markers were silenced, most notably the cells transplanted into the mesenteric fat pad. The expression levels of albumin, transferrin, and aldolase B approached those observed in normal adult hepatocytes. Again, these data are consistent with the model of a common endodermal hepatopancreatic stem cell.
Transplantable Liver-Repopulating Cells
One of the hallmarks of tissue-specific stem cells is their capacity to repopulate a specific organ and restore its function. HSCs, for example, were identified based on their ability to reconstitute blood lineages in lethally irradiated hosts. 41 Over the past 2 decades, similar assays were developed to identify liver stem cells; a small number of transplanted donor cells were found to engraft in the liver and expand to replace >50% of the liver mass. Such models allow for the replacement of only hepatocytes by transplanted cells. Efficient repopulation of the biliary system has not been reported, but it is possible to functionally evaluate hepatic stem cell populations based on their capacity for liver repopulation.
Animal models used for repopulation studies are summarized in Table 2 . Each model shares a common theme: transplanted cells have a strong selective advantage over endogenous host hepatocytes. In many models, this selection occurs because of genetic differences between the transplanted and endogenous cells (transgene/knockout). Inhibition of endogenous hepatocyte proliferation with DNA-damaging agents, including chemicals and γ-irradiation, has also been used. Targeted liver irradiation (ie, not total body irradiation) has been shown to be particularly effective in animal models and might eventually be used in a clinical setting. 99 Recently, it has been shown that mouse liver can be repopulated with human hepatocytes. [100] [101] [102] Immune-deficient mice have been crossed with strains that provide an environment that selects for transplanted cells, such as transgenic mice that express albumin-urokinase plasminogen activator 101 or are deficient for a liver-specific enzyme, fumarylacetoacetate hydrolase (Fah), involved in tyrosine catabolism. 102 Some chemical exposure regimens can also be used to select for transplanted hepatocytes. 103 These models will serve as in vivo assays for the development of human hepatocyte progenitors.
In vivo models have been used to determine the identity of transplantable liver-repopulating cells; it was shown that these cells could be serially transplanted for >100 cell doublings without loss of functionality. 104 Interestingly, hepatocytes were the only donor-derived cells that were found to have liver repopulation capacity. No biliary epithelium or other cell types of donor origin were found to have this ability, indicating that the hepatocyte itself might be a "unipotential" stem cell.
Hepatocytes as Liver-Repopulating Cells
Liver repopulation is unique among organ systems. In contrast to the hematopoietic system, where mature adult blood cells have minimal proliferative capacity, differentiated hepatocytes themselves have high capacity for liver repopulation. First, mature hepatocytes (identified by size fractionation, retroviral marking, or serial transplantation) were transplanted into livers of Fah knockout mice. 105 Large, binucleated hepatocytes that represented ~70% of the hepatocyte population were found to mediate most of the liver repopulation. Secondly, fusion-derived hepatocytes, which by definition are at least tetraploid, that were serially transplanted were capable of at least 30 cell divisions without loss of function. 106 Finally, fluorescence-activated cell sorting-isolated polyploid hepatocytes proliferated extensively after transplantation into livers of urokinase plasminogen activator transgenic mice. 107 Together, these experiments show that mature, polyploid adult hepatocytes have a high degree of replicative potential. It is important to note that the nature of the human cells that are capable of liver repopulation 102 has not been definitively determined. However, in human patients with hereditary tyrosinemia, the large size of clonal revertant nodules (ie, healthy liver tissue derived from spontaneous hepatocyte mutations that correct the underlying genetic defect) indicates that mature human hepatocytes also have extensive regenerative potential. 108 Some studies have indicated that hepatocytes are bipotential. In vitro and in vivo transplantation experiments have shown hepatocyte differentiation into ductular epithelium. 109 These results are provocative, suggesting that there are no stem cells in the liver at all, but that all regenerative responses, including the oval cell response, rely on hepatocytes. Taken together, the data strongly suggest that fully differentiated hepatocytes, which constitute the majority of liver cells, are efficient in liver repopulation and have stem cell-like capacity for cell division.
Liver Repopulation by Nonhepatocytes
Although mature hepatocytes are serially transplantable liver-repopulating cells, 104, 107 other cell types can also repopulate the liver. Liver repopulation has been shown to be mediated by nonhepatocyte cell types such as fetal hepatoblasts, oval cells, pancreatic liver progenitors, MSCs, and HSCs. Figure 4 highlights the diversity of cells with liver repopulation potential.
Liver repopulation by fetal hepatoblasts-During embryonic development, the fetal liver bud contains hepatoblasts. These cells express AFP and hepatocyte (albumin) and biliary (CK19) markers and could represent fetal liver stem cells that are capable of regenerating hepatocytes and the biliary system.
Several studies have investigated transplantation of hepatoblasts. [110] [111] [112] [113] One study used fetal rat liver cells to show at least 3 distinct subpopulations of hepatoblasts exist between embryonic days 12 and 14. Based on histochemical markers, one population appeared to be bipotential and the other 2 harbored either unipotent hepatocyte or biliary epithelial cell phenotypes. 110 Transplantation experiments showed that the bipotential cells proliferated in rats that were exposed to retrorsine, whereas the unipotent cells proliferated even in the control rats. In each case, proliferative signals (from partial hepatectomy or thyroid hormone) were required to augment expansion of transplanted populations. 110 Donorderived hepatocyte cords and mature bile duct structures were detected 1 month after transplantation. The researchers did not determine, however, if both cell lineages were derived from a clonal precursor. Cell sorting experiments have been used to identify the cell surface characteristics of the hepatoblasts that repopulate rodent liver. Liver-repopulating cells in mice, isolated at embryonic day 12.5, were positive for E-cadherin, Dlk-1, and Sca-1 but negative for hematopoietic markers such as c-kit, CD34, and CD45. 112 Similarly, in the rat, cells positive for Dlk-1 contained repopulating activity. 113 Human hepatoblasts also harbored liver-repopulating capacity, as seen in xenotransplantation studies, 111 confirming the results obtained with rodent cells. These results indicate that hepatoblasts could represent a bipotential subpopulation with significant proliferative potential in the fetal liver.
Liver repopulation by oval cells-Cell culture experiments, discussed previously, show that oval cells differentiate into mature epithelial liver cells (ie, hepatocytes and bile ducts).
To extend these observations, oval cell differentiation capacity was tested in transplantation experiments. Transplanted oval cells derived from rat liver or pancreas proliferate and differentiate into mature hepatocytes, even under nonselective conditions. 114 Recent repopulation studies utilizing an in vivo selection model indicated that mouse oval cells (induced by DDC) have extensive liver repopulation capacity. 27, 66 Furthermore, clonal lines of CD133 + cells, isolated from livers of mice exposed to DDC, expanded significantly following transplantation and gave rise to hepatocytes. 66 It remains to be proven whether single oval cells differentiate into mature hepatocytes and bile duct epithelium in transplantation experiments. Nonetheless, oval cells isolated from the adult liver represent a promising source for cell-based therapy.
Liver repopulation by pancreatic progenitors-During embryogenesis, the main pancreatic cell types develop from a common endodermal precursor located in the ventral foregut, including ducts, ductules, acinar cells, and the endocrine α, β, and δ cells. 115, 116 Importantly, the main epithelial cells of the liver, hepatocytes, and bile duct epithelium are also believed to arise from the same region of the foregut endoderm. 117, 118 This tight relationship between liver and pancreas during embryonic development has raised the possibility that a common hepatopancreatic precursor/stem cell might persist in adult liver and pancreas.
Hepatocytes or hepatocyte-like cells emerge from the rodent pancreas in response to numerous stimuli, including the carcinogen N-nitroso-bis(2-oxopropyl)amine, 119 a peroxisome proliferator Wy-14643, 120 copper fasting/refeeding, 121 and keratinocyte growth factor. 122 In humans, the existence of pancreatic liver progenitor cells is supported by the expression of hepatocellular markers in pancreatic cancers. 123 Furthermore, studies in Fahnull mice have shown the existence of hepatocyte progenitors in pancreas of adult mice. 124 The pancreata of control, adult wild-type mice were digested into single cells and then transplanted into Fah-null mice. Although only ~10% of these mice survived long-term and had extensive liver repopulation, >50% of recipients had donor-derived FAH + hepatocyte nodules. 124 Based on the number of hepatocyte nodules formed, it was estimated that pancreatic liver precursors were rare (~0.02%) in the donor cell population.
In addition to the existence of liver progenitors in the pancreas, there is also evidence for pancreatic precursors in the liver. Subsets of liver tumors, particularly cholangiocarcinomas, expressed pancreatic markers such as pancreatic-type amylase 125 and lipase. 123 Similarly, liver-derived oval cell lines secreted insulin in culture and, upon transplantation into diabetic rats, restored pancreas function. 126 Overexpression of transcription factors that are expressed during pancreas development promoted the emergence of insulin-secreting cells in the liver. 127, 128 One explanation for the presence of hepatocyte precursors in the pancreas and pancreatic precursors in the liver is that an adult hepatopancreatic stem cell exists that is similar to the ventral foregut endoderm precursor that exists during embryonic development (Figure 2A ). Further studies are required to determine if this model is accurate.
Liver repopulation with MSCs-MSCs have recently been shown to promote liver repair in cases of liver damage. Transplantation of MSCs, isolated from human umbilical cords, 129 adipose tissue, 130 bone marrow, 131 or rat bone marrow, 132 improved liver function of rodents undergoing acute liver damage (eg, carbon tetrachloride injections). Infusion of hepatocyte-like cells, which were differentiated in vitro from MSCs, also improved liver function following acute injury. 131, 133 Improved liver function was shown by monitoring the level of liver enzymes in the serum, such as aspartate aminotransferase and alanine aminotransferase. The pro-liver effects of MSC therapy are hotly debated. Some reports show failure of MSCs to improve liver function during chronic liver damage (eg, alcoholic liquid diet plus daily carbon tetrachloride). 134 Furthermore, increasing evidence suggests that MSCs may promote liver cirrhosis. For example, in mouse models for liver cirrhosis, exogenous mouse 135 and human 136 MSC populations promoted the emergence of myofibroblasts, which are involved in the fibrotic response. It is unclear whether the benefits of MSC therapy outweigh the potential risks.
Two primary mechanisms could explain the therapeutic effects of MSCs or MSC-derived hepatocytes in liver injury. First, MSCs could generate cells that function as normal hepatocytes. [129] [130] [131] [132] [133] Following engraftment in the liver, which occurs at very low levels, transplanted cells express markers of donor hepatocytes. Differentiation toward the hepatocytic lineage, therefore, must occur in the parenchymal microenvironment (for transplanted MSCs) [129] [130] [131] [132] or in culture (for MSC-derived hepatocyte-like cells). 131, 133 For example, clusters of cells expressing human albumin were detected in livers of carbon tetrachloride-treated NOD-SCID mice transplanted with human bone marrow MSCs and MSC-derived hepatocyte-like cells. 131 Similar observations were made with human umbilical cord MSCs (AFP expression) 129 and hepatocyte-like cells from human adipose MSCs (albumin expression). 133 To date, only low levels of liver repopulation with either MSCs or MSC-derived hepatocyte-like cells have been reported.
The second mechanism by which MSCs could promote liver repair is indirect. Soluble factors secreted by MSCs facilitate liver recovery in response to acute damage. For instance, infusion of human MSC conditioned medium into rats treated with D-galactosamine (ie, acute liver damage) improved liver function after 24 hours. 137, 138 The effect on endogenous rat hepatocytes was striking: a 90% decrease in apoptotic hepatocytes and a 3-fold increase in the number of proliferating hepatocytes. 138 Transplantation studies also support the cell autonomous role of MSCs in liver repair. In response to transplanted human MSC populations (eg, bone marrow-derived MSCs, 131 umbilical cord-derived MSCs, 129 or hepatocyte-like cells derived from bone marrow 131 ), endogenous hepatocytes in carbon tetrachloride-treated mice showed improved survival and increased proliferation. MSCs secrete numerous proteins, but it is unclear which factors facilitate liver recovery. 84, 137 Thus, MSC-mediated liver therapy is a highly promising field with many unanswered questions: which populations are most therapeutic (eg, MSCs, MSC-derived hepatocytes, or MSC-secreted factors), and what types of liver injury are amenable to MSC therapy?
Liver repopulation with bone marrow-derived progenitors-Adult bone marrow provides a microenvironment that supports stem and progenitor cells with diverse differentiation potentials, including HSCs and MSCs. A number of early studies suggested that the bone marrow was home to liver progenitor cells as well. In rodents, for example, transplantation of bone marrow and whole livers into genetically distinct rats revealed a subset of marrow-derived oval cells. 139 Bone marrow-derived hepatocytes were also identified in mice transplanted with bone marrow cells. 140 Similarly, studies of human patients that received bone marrow from sex-mismatched donors revealed the existence of donor-derived liver epithelial cells. 141, 142 Other studies suggested that HSCs specifically have hepatocyte-generating capacity. Transplantation of a limited number of highly purified HSCs into Fah-null mice resulted in the generation of new hepatocytes with donor characteristics. 143 Recipient mouse livers were highly repopulated by donor cells, resulting in complete correction of the metabolic liver disease hereditary tyrosinemia. Transplantation of human hematopoietic progenitors has also been shown to produce hepatocyte-like cells in xenotransplantation experiments. Human CD34 + cord blood cells were transplanted into irradiated NOD/SCID mice 144, 145 ; following liver damage, especially via carbon tetrachloride, a small percentage of hepatocytes (<0.1%) were found to express human albumin.
Hepatocytes derived from bone marrow cells could be formed by 3 primary mechanisms. First, bone marrow could theoretically harbor specialized endodermal stem cells that are capable of producing hepatocytes and other epithelial cells. These cells would be analogous to the MSC. Secondly, a single stem cell population could give rise to the blood and hepatocyte lineages. Thirdly, in contrast to differentiation, bone marrow-derived hepatocytes could be derived by cell fusion. To distinguish between these possibilities, transplantation experiments with Fah-null mice were performed using genetic markers for donor bone marrow and recipient hepatocytes. 106, 146 The vast majority of bone marrowderived hepatocytes contained genetic information from both the donor and host, indicating that cell fusion had occurred. Similar experiments from a different laboratory independently confirmed that bone marrow-derived hepatocytes arose via cell fusion. 147 HSCs are not believed to participate directly in the fusion process. Rather, the majority of fusion events occur between host hepatocytes and donor-derived myelomonocytic cells. 148 Although cell fusion accounts for the genesis of most bone marrow-derived hepatocytes, the existence of a bone marrow resident stem cell or transdifferentiation-capable HSC cannot be dismissed.
The functional role of bone marrow-derived hepatocytes is not well understood. In a highly selective liver environment, as seen in Fah knockout mice, hepatocytes derived by cell fusion extensively repopulate diseased liver. 106, 148 However, in the absence of selective pressure, bone marrow-derived hepatocytes contribute minimally to the liver (≤0.001% hepatocytes). 149, 150 Therefore, it is widely believed that hepatocytes derived from the bone marrow play a minor role, if any, in therapeutic liver repopulation (reviewed by Thorgeirsson 15 ).
Summary and Conclusions
Although there is no complete consensus on the roles of hepatic stem cells in adult mammals, recent findings support a dual view in which mature differentiated epithelial liver cells and facultative stem cells mediate liver maintenance and growth. Thus, processes such as normal liver turnover, regeneration after injury, or repopulation following transplantation are mediated by either cell type, depending on the precise circumstances. Oval cells are not a homogeneous well-defined cell population but represent a complex mixture of different cell types, all of which are activated during progenitor-dependent regeneration. Within the oval cell pool, there are proliferative cells that are derived from liver resident oval cell precursors. These cells are likely bipotential in that they can produce hepatocytes and bile duct epithelium. Fetal and adult livers contain rare cells such as ECFCs that are capable of forming epithelial colonies in culture at the single-cell level. These ECFCs represent candidates for a bona fide liver stem cell, but definitive proof for this hypothesis does not exist. Multiple studies support the concept that liver stem cells reside within the biliary tree and are a subset of ductal cells. Extrahepatic cells also have the potential to become liver epithelium; although their role in liver physiology remains uncertain, they might be developed for use in therapeutic cell transplantation. 
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